Background: Metabolic syndrome (MetS) is associated with increased risk of cardiovascular disease. However, the contribution of MetS to intermediate cardiovascular endpoints such as structure and function alterations of large arteries is still unclear.
T he metabolic syndrome (MetS) represents a cluster of abnormalities, including abdominal obesity, glucose intolerance, dyslipidemia, and hypertension, with insulin resistance as a major characteristic. 1 There is evidence that clustering of insulin resistance markers or the MetS itself were predictors of coronary heart disease events or mortality in both genders. 2, 3 Recently, the Na- The diagnosis of MetS seems to be a better predictor of cardiovascular (CV) risk compared with individual risk factors taken together: it may be a valuable tool to identify patients at high risk. 4 However, little is known on the association between the MetS and its individual components with intermediate CV endpoints. Carotid structure, namely intima-media thickness (IMT) and focal atherosclerosis (plaques) can be visualized and assessed by high-resolution B-mode ultrasound. Measurement of carotid femoral pulse-wave velocity (PWV) is used as a reproducible index of large artery elasticity and stiffness: high velocity is a marker of elevated rigidity of the vascular wall and low distensibility. Some (but few) studies have investigated whether MetS was associated with IMT, [5] [6] [7] [8] arterial stiffness 8 -10 or carotid plaques occurrence, 11 and none of them have assessed simultaneously the associations with all of these vascular parameters in the same population.
The aim of this study was to investigate whether the MetS and its components were associated with both structural and functional large arteries parameters, assessed in a sample of 917 middle-aged subjects from the SUpplé-mentation en VItamines et Minéraux AntioXydants (SU.VI.MAX) study.
Subjects and Methods

Subjects
Subjects were participants in the SU.VI.MAX Study, a randomized double-blind, placebo-controlled, primary prevention trial initially designed to test the efficacy of a daily supplementation with antioxidant vitamins (vitamins E and C and ␤-carotene) and minerals (selenium and zinc) at nutritional doses, in reducing the incidence of CV disease and cancer.
12,13 All 13,017 subjects included since 1994, with a planned follow-up of 8 years, were invited to a yearly visit with every other year, either blood sampling (from 1994) or clinical examination (from 1996) up to 2001 to 2002, at which time clinical and biological examinations were simultaneously performed. At this last examination, a specific protocol was designed to assess concurrently carotid arterial parameters, aortic stiffness and MetS in a subsample of 917 men and women living in the area of Paris, France.
14 The protocol was approved by a Medical Ethic Committee as well as by the national committee for the protection of privacy and civil liberties.
Biochemical and Clinical Measurements and Covariates
Blood samples were obtained after a 12-h fast, and were centralized. Blood glucose, high-density lipoprotein (HDL)-cholesterol, and triglycerides were measured using an enzymatic method (Advia 1650, Bayer Diagnostic Puteaux, France). Weight was measured with subjects wearing indoor clothing and no shoes. Height was measured in the same conditions to the nearest 0.5 cm with a wall-mounted stadiometer, and body mass index (BMI, kg/m 2 ) was calculated. Waist circumference was measured as the circumference midway between lower ribs and iliac crests. Blood pressure was measured with a digital electronic tensiometer (model CP750, Omron, Fontenay sous Bois, France), with appropriate size cuff at heart level, by two trained technicians who performed both BP measurements and ultrasound examinations. After a 20-min rest period, systolic blood pressure (SBP) and diastolic BP (DBP) were measured in a supine position, twice at a 10-min interval, and the average of the two measurements was used in the analyses. Mean arterial pressure (MAP) was calculated as: (DBP) ϩ (SBP-DBP)/3.
Level of education was obtained from a questionnaire for this subsample study (n ϭ 917) and was coded in three categories according to the highest certification obtained. Data on smoking status was obtained from a questionnaire at baseline (1994) and was coded into three categories: smokers, nonsmokers, or ex-smokers. The overall level of habitual physical activity was assessed during the same period and was coded in three categories: inactivity, Ͻ1 h/day, or Ն1 h/day.
According to the NCEP criteria, 1 subjects were considered to have metabolic syndrome if they had at least three of the five following characteristics: 1) waist circumference Ͼ102 cm in men and Ͼ88 cm in women; 2) triglycerides Ն150 mg/dL (1.69 mmol/L); 3) HDL cholesterol Ͻ40 mg/dL (1.04 mmol/L) in men and Ͻ50 mg/dL (1.29 mmol/L) in women; 4) BP Ն130/85 mm Hg; 5) fasting glucose Ն110 mg/dL (6.1 mmol/L). We classified participants using antidiabetic (oral agents or insulin) or antihypertensive medication as subjects having increased fasting blood glucose or increased BP respectively.
Carotid Measurements
Carotid Ultrasound Examination Ultrasound examinations were performed using the Aloka SSD-650 (USA), with a transducer frequency of 7.5 MHz. This system provides an axial resolution of 0.30 mm. Acquisition, processing, and storage of B-mode images were computerassisted with the new version of a software that was previously described (M'ATHS, Argenteuil, France). 15 Our B-mode system is unable to standardize the image according to the stage of cardiac cycle, which may introduce a minor source of variability in IMT measurement.
Two technicians who underwent a training program of 2 months collected ultrasound data. Consistency, efficiency, and accuracy in performance were required to obtain certification. The protocol, which was similar to that used in the Aging Vascular Study (EVA), 16 involved scanning of the common carotid arteries (CCA), the carotid bifurcation, and the origin (first 2 cm) of the internal carotid arteries. The near and far walls of these arterial segments were scanned longitudinally and transversally to assess, at the time of the examination, the presence of plaques. The presence of plaques was defined as localized echo-structures encroaching upon the vessel lumen for which the distance between the media-adventitia interface and the internal side of the lesion was Ն1 mm.
One experienced sonographer performed all measure-ments. The IMT was measured at a site free of any discrete plaques along a 10-mm-long segment of the far wall of the CCA and measured as the distance between the lumenintima interface and the media-adventitia interface using an automated edge detection algorithm. A mean of 50 measurements were automatically performed on each image (two images by side) and on each side (left and right). The mean of the six right and left CCA-IMT measurements was used in the analyses. For IMT measurements, far and near walls of the right and left CCA 2 to 3 cm proximal to bifurcation were imaged. For each side, at least three optimal longitudinal images with best visualization of far and near walls were frozen, transferred to a computer (IBM-type PC), digitized into 640 ϫ 580 peak cells with 256 gray levels, and stored for off-line analysis.
Pulse Wave Velocity Carotid-femoral pulse wave velocity (PWV) was evaluated using two pressure probes. This method with an automatic device (Complior, Colson, Paris, France) has been previously validated. Briefly, two pressure waves were recorded transcutaneously at the base of the neck for the right CCA and over the right femoral artery. PWV was determined as the foot-to-foot velocity. The foot of the pressure wave was identified as the beginning point of the sharp systolic upstroke. Pulse transit time was determined as the average of 10 consecutive beats. The distance traveled by the pulse wave was measured over the body surface as the distance between the two recording sites. Aortic PWV was calculated as the ratio of distance to transit time.
Reproducibility Study
A reproducibility study was conducted in 80 of our subjects who underwent two ultrasound examinations and two PWV measurements during the same visit (each of the two technicians was blinded to the results of the other). The mean absolute difference, coefficient of variation, and intra-class correlation coefficient between repeated examinations of CCA-IMT were respectively 0.04 mm, 6.5%, and 0.79. For PWV, they were respectively 0.4 m/sec, 9.8%, and 0.75. For carotid plaque, the coefficient for agreement between the two examinations was 0.80.
Statistical Analyses
Characteristics of subjects with and without MetS were compared by the Student t test and 2 test where appropriate. Results are expressed as percentages or means Ϯ standard deviations (SD). Because of skewed distributions of triglycerides, this variable was logarithmically transformed and geometric means, as well as 95% confidence intervals (95% CI) are presented. All further analyses were adjusted for age, gender, physical activity, and smoking status. Differences in CCA-IMT and PWV according to MetS status were tested using analyses of covariance. Risk of carotid artery plaques was evaluated by logistic regression analysis; multivariate-adjusted odds ratios (OR) and 95% confidence intervals are reported.
We further studied the independent associations between each component of the MetS with the same arterial parameters. Three different models were assessed: model 
Results
General characteristics of the subjects are presented in Table 1 . The prevalence of the NCEP defined MetS in our sample was 8.7%. Primary educational level was higher in subjects with MetS compared with those without it (P ϭ .04). Average values for CCA-IMT and PWV were also higher in subjects with MetS compared with subjects without MetS. No difference was observed for plaques prevalence (P ϭ .13) ( Table 2 ). Further adjustments for gender or educational level did not modify these associations. Table 3 . Mean values of intima-media thickness (IMT) of the common carotid artery (CCA), aortic pulse wave velocity, and risk of carotid plaques according to the presence of metabolic syndrome (MetS) abnormalities 
CCA-IMT, PWV, and Carotid Plaques According to MetS Status
After adjusting for age, gender, physical activity, and smoking status, the difference in mean values of CCA-IMT and PWV between subjects with and without MetS remained statistically significant (Table 2) . Subjects treated for hypertension had a higher CCA-IMT mean values compared with untreated subjects, and a higher mean PWV was observed in subjects treated for diabetes, dyslipidemia, or hypertension compared with nontreated subjects (data not shown). Adjusted OR for carotid plaques prevalence was not significantly different between subjects with and without MetS. Further adjustment on the allocation group (antioxidant supplementation versus placebo) did not modify any of the observed associations described above between MetS status and CCA-IMT, PWV, or carotid plaques (data not shown). Furthermore, exclusion of subjects treated with antidiabetic or antihypertensive medications, or even after adjustment for these medications (Table 2) , did not modify the observed associations.
CCA-IMT, PWV, and Carotid Plaques According to Each Component of the MetS
After adjustment, an increased waist circumference was associated with significantly higher values for IMT and PWV (Table 3) . A significant positive relationship was observed between TG and PWV, whereas a low HDL cholesterol level was related to higher IMT and PWV mean values and with a borderline significant higher risk (OR) of plaques: 1.52 (1.01 to 2.28). Increased fasting blood glucose was associated with a significant higher IMT and PWV mean values. Finally, a raised BP was positively associated with both a higher mean value of the above arterial continuous parameters and a significantly higher risk of plaques prevalence at 1.55 (1.12 to 2.15).
Multivariate regression models were then applied to assess the relationships of continuous MetS components, independently of each other, with arterial continuous parameters (CCA-IMT, PWV) and carotid plaques ( Table 4) . The MAP was the only component to be systematically associated with each vascular parameter, even after adjustment on potential confounders. Furthermore, MAP showed the highest percentage of total explained variance (R 2 ) compared with other models with each independent MetS component (data not shown for other MetS components).
After entering simultaneously the five NCEP-defined components of the MetS (model 2), MAP was still significantly associated with all vascular parameters. Fasting blood glucose and waist circumference were positively associated with PWV. The HDL cholesterol was inversely associated with CCA-IMT and PWV. Finally, no other variable except MAP was associated with carotid plaques. It should be noted that the percentage of total explained variance (R 2 ) in model 
Ϫ0.005
Data are standardized coefficients (␤, per 1 standard deviation) from linear regression models (for continuous vascular variables) and logistic regression (for carotid plaques). All models are adjusted for age, gender, physical activity and smoking status. Mean arterial pressure was calculated as: (DBP)
2 did not change more than 2% compared with model 1 with MAP only. Similar results were obtained if the five components of the MetS were entered as dichotomous variables with the NCEP-defined cut-offs, or if MetS (as a dichotomous variable) was entered in the model in addition to the five individual components of the MetS (Table 4 ).
Discussion
We found that the association between MetS components and markers of both structure and function of large arteries, including CCA-IMT and PWV, was mainly mediated by BP; other MetS components added a small effect. The effect of BP was independent of age, gender, physical activity, and smoking status. Entering the NCEP-defined MetS as a dichotomous variable did not change the significant independent association between BP and these markers.
The MetS frequency found in our study was lower than those reported in the United States, with prevalence up to 45%, 17 but was similar to other French or Finnish studies.
18
These discrepancies may be partially explained by differences in the prevalence of abnormalities used to define the MetS. Indeed, the most frequent abnormality in the NHANES III survey was increased waist circumference, 17 whereas it was BP in our study and other French data. 18 This may help to explain in part the predominant effect of BP on vascular parameters in our study. It could also be questioned whether using a different cut-off for BP (140/90 mm Hg) instead of the NCEP-defined cut-off would also modify the prevalence of abnormalities among studies. In addition, the prevalence of obesity in our study, in accordance with representative data of the French population, is lower than current US figures. 19, 20 Previous cross-sectional studies have assessed the association between MetS and CCA-IMT. [5] [6] [7] 21 In the Baltimore Longitudinal Study on Aging (BLSA) Study, subjects with MetS had a significantly higher IMT mean value as compared with subjects without MetS. 21 Regression models also showed that MetS, as a continuous variable, was a determinant of IMT. Subjects with MetS from the Atherosclerosis and Insulin Resistance (AIR) Study showed a significantly thicker mean CCA-IMT compared with that in subjects with no risk factors. 7 A large multicentric study confirmed that subjects with a MetS had a significant higher maximal IMT compared to control subjects. 5 In another study, in which insulin resistance (IR) was evaluated by homeostasis model assessment, age-and sex-adjusted IMT mean values were higher among subjects with IR compared with those without. 6 However, when further adjustments were performed, the association between homeostasis model assessment index and IMT was no longer significant. The authors hypothesized that the association between IR and arterial thickness was explained by its covariation with established risk factors for CV disease, of which hypertension seems to be the most significant.
In agreement with our results, other studies have reported the absence of an association between central adiposity and the prevalence or progression of carotid atherosclerotic plaques. 22 Only one recent, 5-year, prospective study showed that MetS was associated with incident carotid plaques compared to values in control subjects. 11 The discrepancy with our results could be explained by the cross-sectional design of our study, whereas plaque prevalence can be regarded as a later development in the atherosclerosis process.
Association between IR or MetS and PWV has been evaluated in few cross-sectional studies, 10, 21, 23 with only one using the NCEP definition. 21 It was shown in subjects with type 2 diabetes that CCA and femoral artery stiffness were inversely associated with insulin sensitivity. 23 In nondiabetic women, a cluster of variables of the insulin resistance syndrome was related to decreased arterial distensibility. 10 Other data showed that MetS was an independent determinant of arterial stiffness, even after adjustment on age, gender, smoking, and LDL-cholesterol. 21 It could be hypothesized that one of the mechanisms underlying the effect of MetS to both arterial thickness and stiffness is mediated through a central adiposity pattern or, more specifically, through increased abdominal visceral fat content. Indeed, we observed an independent positive association between increased waist circumference with CCA-IMT as well as with PWV. Previous studies have reported, however inconsistently, an association between indirect surrogate of visceral fat and arterial stiffness. 24 -27 Physiopathologic processes linking abdominal adiposity to arterial stiffness are still incompletely defined. A widely accepted concept is that both anatomical and metabolic properties of intra-abdominal fat explain the relationships of this specific fat depot with atherosclerosis. The concept that hyperinsulinemia or increased levels of fatty acids might be associated with hypertension through sympathetic nervous system activation is one of the most largely quoted mechanisms in rodents, however this has not been shown in human beings. 28 Activation of the sympathetic nervous system is only one possible mechanism by which central adiposity could raise BP, in combination to a physical compression of the kidney and a stimulation of the renin-angiotensin system. 28 Our study is limited by its observational design, which does not enable us to draw conclusions in terms of causal relationships. Furthermore, we did not have a measurement of fasting plasma insulin, as a surrogate of insulin resistance; however, this criteria does not belong to the MetS NCEP definition. 21 Gualdiero et al have investigated the factors associated with the so-called white-coat effect (WCE), defined as high office BP but with relatively normal readings during daytime ambulatory monitoring. 29 To limit as much as possible the WCE in our population study, SBP and DBP were measured twice and the average of the two measurements was used in our analyses. Among the strengths of our study, a large set of vascular parameters was carefully assessed, and satisfactory results were obtained in the reproducibility study. In addition, the percentage of carotid plaques and the distributions of CCA-IMT and PWV were comparable to those in other French populations. 30 In conclusion, our study in middle-aged subjects shows that MetS is adversely associated with both structure and function of large arteries. Blood pressure was shown to be the most important component, and this helps to explain the deleterious effect of the MetS on vascular parameters. Our results need to be challenged in other populations, with the use of alternate markers of insulin resistance, and should finally be confirmed through prospective studies with clinical endpoints.
